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Abstract 

A chiral field theory of *~ glueball is presented. By adding a *~ glueball field 
to a successful Lagrangian of chiral field theory of pseudoscalar, vector, and axial- 
vector mesons, the Lagrangian of this theory is constructed. The couplings between the 
pseodoscalar glueball field and the mesons are via U(l) anomaly revealed. Quantitative 
study of the physical processes of the h glueball of m = 1.405GeV is presented. The 
theoretical predictions can be used to identify the h glueball. 
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1 Introduction 

It is known for a very long time that glueball is the solution of nonperturbative QCD and 
there are extensive study on pseudoscalar glueballs[l]. On the other hand, many candidates 
of ++ , CT + , and 2 ++ glueballs have been discovered [2]. However, identification of a glueball 
is still in question. In order to identify a glueball quantitative study of the physical processes 
of a glueball is urgently needed. It is the attempt of this paper to present a chiral field 
theory which can be used to do systematic and quantitative study of the properties of the 
0-+ glueball. 

Both current algebra and Lattice QCD successfully use quark operators to study non- 
pertuebative hadron physics. Based on current algebra and QCD we have proposed a chiral 
field theory of pseudoscalar, vector, and axial- vector mesons[3], in which quark operators are 
used to study meson physics. The Lagrangian of quarks and mesons is constructed as 

C\ = %l)(x){i^ ■ d + 7 • v + 7 • 075 — mu(x))ip(x) — ipMip 
+\rnl{tfp»i + w"av + + + K R ^ + K i K ^ + ^ + fsfs,) (1) 
where a M = + X a K^ + (§ + ^A 8 )/ M + (| - ^A 8 )/ s ^ = 1,2,3 and a = 4,5,6,7), 
v n = T ipi + + (§ + tjAs)^ + (| - 75^)0^, u = exp{i"f 5 (Ti7Vi + \ a K a + X 8 r] 8 + ^Vo)}, 
m is the constituent quark mass which originates in the quark condensate, M is the matrix 
of the current quark mass, m is a parameter. In the limit, m q — > 0, the theory (1) has 
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global U(3)lxU (3)r symmetry. In this theory the meson fields are related to corresponding 
quark operators. For example, at the tree level the vector and the axial-vector mesons are 
expressed as the quark operators 

The pseudoscalar mesons are via the mechanism of the nonlinear a model introduced. Un- 
der this mechanism the introduction of the constituent quark mass is natural and it plays 
an essential role in this theory. The mesons are bound states of quarks and they are not 
independent degrees of freedoms and the kinetic terms of the meson fields are generated 
by the quark loop diagrams. Integrating out the quark fields, the Lagrangian of the meson 
fields is derived. N c expansion is naturally embedded. The tree diagrams are at the leading 
order and the loop diagrams of the mesons are at the higher orders. Besides the N c ex- 
pansion there are current quark mass and momentum expansions in this theory. The major 
features of nonperturbative QCD: N c expansion, quark condensate, and chiral symmetry 
are all included in this meson theory. The masses of the pseudoscalar, the vector, and the 
axial-vector mesons are determined. The form factors of the pion and the kaons are calcu- 
lated in both space-like and time-like regions. The widths of strong, electromagnetic, and 
weak decays of the mesons are computed, n — n and 7T — K scatterings are studied. The 
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Wess-Zumino-Witten anomaly is revealed. ChPT is the low energy approximation of this 
theory. All the 10 coefficients of the ChPT are determined. Meson physics is systematically 
studied. The pion decay constant and a universal coupling constant are the two parameters 
in most cases. The third parameter, the quark condensate, only appears in the masses of 
the pseudoscalar mesons. Theory agrees with the data very well [3]. The meson physics are 
successfully studied by expressing the meson fields as the quark operators. The Lagrangian 
(1) is not complete. There are other degrees of freedoms, for instance, glueballs. It is known 
that Lattice QCD has used gluon operator to calculate glueball mass [4]. Following the 
manner of Eq. (1), using gluon operator to construct an effective Lagrangian to study the 
physics of the 0~ + glueball is the attempt of this paper. This paper is organized as: 1) 
Introduction; 2) Chiral Lagrangian of 0~ + glueball and mesons; 3) Mass mixing of the CT + 
glueball 77(1405) and the 77, 77'; 4) 77(1405) — > 77 decay; 5) 7?(1405) — > 7p, 70;, 70 decays; 6) 
Kinetic mixing of x an d Vo fields; 7) J/tp — > 777(1405) decay; 8) 7?(1405) — > pirn decay; 9) 
77(1405) ->■ a (980)7r decay; 10) 77(1405) ->■ K*K decay; 11) Summary. 

2 Chiral Lagrangian of 0~ + glueball and mesons 

As mentioned above, Lattice Gauge Theory has used the gluon operator, FF(in the contin- 
uum limit), to calculate the mass of the pseudoscalar glueball by the quench approximation 
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[4]. The meson theory is phenomenologically successful, in which the mesons are coupled 
to the quark operators. The same approach is used to construct an effective Lagrangian of 
CT + glueball in this paper. This theory should be chiral symmetric in the limit, m q — > and 
the field of the 0~ + glueball x can De expressed as the gluon operator FF. Under the least 
coupling principle the effective Lagrangian is constructed as 

c = ~f^f; v + f; v f^ x + \g\ X x, (2) 

where F^ v = e^ ual3 F a/ 3, G x is a mass- related parameter. In QCD glueball is a bound state 
of gluons, not an independent degree of freedom, therefore, there is no kinetic term for the 
glueball field x- Using Eq. (2), at the three level the glueball field is expressed as the gluon 
operator 

X = ~F^. (3) 

The relationship between the gluon operator FF and the quark operators is found from 
the U(l) anomaly 



WTmTsVO = 2#M 75 ^ + j^F^. (4) 



Using Eq. (4), Eq. (2) is rewritten as 

£ = -\f^f; v - (^Lyitfry^dM + Wm-kM + \g\xx- (5) 

The constant ((|fp-) _1 can be absorbed by the x field. By redefining the x field and the 



parameter G x , Eq. (5) is rewritten as 

C = —F^F^ - {h^d„ X + 2#M 75 ^x} + \G\XX- (6) 

The same symbols of x an d G x are used. Eq. (6) is chiral symmetric in the limit, m q — > 0. 
It is known that g 2 s N c ~ 1 in the N c expansion and the loop diagrams with gluon internal 
lines are at the higher orders in the N c expansion. Therefore, at the leading order in N c 
expansion the kinetic terms of gluon fields are decoupled from this theory. 
Adding the two terms 

C 2 = -{</<7m75^x + 2^M 75 ^ X } + \G\XX (7) 

to the Lagrangian of mesons (1), the Lagrangian including the glueball field x an d the meson 
fields is found to be 

C = d + C 2 . (8) 

As shown above, the ways introducing the 0~ + mesons and the 0~ + glueball field to the 

theory (8) are very different. The couplings between the quark operators and the 77s, i] Q are 

different from the coupling of the 0~ + glueball. For i] 8 , i] there are two couplings [3]: 

c 2 2 
— -f^lnl^d^.r]'), -im—^ 5 \ip(ri,ri') (9) 

9 J it In 

where A = As for r/s and A = ^=7 for i] respectively, c = 2^2; an d g is a universal coupling 
constant and it is determined by the decay rate of p — > e + e. In the chiral limit, the coupling 
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for the + glueball is obtained from Eq. (6) 

-V^75^x (10) 

The differences between Eqs.(9,10) lead to different physical results for the 0~ + mesons and 
the 0~ + glueball. The different physical results which are presented in this paper should be 
able to distinguish a pseudoscalar glueball from the pseudoscalar mesons. 

Integrating out the quark fields, the kinetic term of the x field and the vertices between 
the x field an d other mesons are obtained from the Lagrangian (8). This procedure is 
equivalent to do one quark loop calculation. In the chiral limit, using the coupling (10) the 
quark loop diagram 

(X(P')\S\X(P)} = -\j rfWy(|T{{^(x) 7M 75^(x)^(|/)7,75^(l/))p>,e^'^^ (11) 
is calculated to 0(p 2 ) and the kinetic term of the x field is found to be 

\F 2 \dAx (12) 
where F 2 (l — = f% [3]. The normalized x field is determined as 

X^f~X- (13) 

It is the same as what has been done in Ref. [3] the couplings between the mesons and the x 
field can via the vertex (10) be derived from the Lagrangian (8). As a matter of fact, all the 
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meson vertices obtained from the coupling — ^V'T/iTsV'^Vto can be found in Ref. [3]. 
Replacing ^^f^^Vo m these meson vertices by \f\-fX an the vertices involving the x ne ld 
are obtained. 

3 Mass mixing of the CT + glueball ?7(1405) and the 77, rj 

The matrix elements of Eq. (4) have been used in the studies of the mixing between 
77, rj' and 0" + glueball [5]. In Ref. [5b] a solution for the pseudoscalar glueball mass 
around (1.4 ± 0.1)GeV is presented. The mass of the x ne ld is taken as an input in this 
study. Besides 77, rf there are other I G (J PC ) = + (CT + ) pseudoscalars listed in Ref. [2]: 
?7(1295), 77(1405), 77(1475), 77(1760). In Ref. [6] a systematic phenomenological analysis 
about these pseuscalars is presented. The analysis concludes that the 77(1405) is a possible 
candidate of the 0~ + glueball. In this paper the theory (8) is applied to do systematic and 
quantitative study of the physical processes of the possible glueball state 7/(1405). The the- 
oretical predictions can be used to decide whether the 77(1405) is indeed a 0~ + glueball. The 
same can be done to other possible candidate of the pseudoscalar glueball. 

The chiral field theory (8) is applied to study the mixing of 77, 77' and 77(1405) in this 
section. In this chiral theory (1) the pion, kaon, and 77 are Goldstone bosons. In the leading 
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order in the chiral expansion their masses are found to be [3] 

4 1 

J 2 3 
4 1 

m K° = -~(0|#|0>(m d + m s ). (14) 

Jit 6 

To the first order in current quark masses, the following elements of the mass matrices are 

derived from Eqs. (1,14) 

4 1-1 1 
m % = ~j2 3 (°l^|0)-(m u + m d + ^ m s) = g{2(m^+ + m 2 K0 ) - m 2 J, 

™ 2 m = -^(0|^|0)^(m u + m d + m s ) = ^(m 2 K+ + m 2 K0 + ml), 



Am mvo = -^^( l^|0)(m„ + m d - 2m s ) = ^(m 2 K+ + m 2 K o - 2ml), ( 15 ) 



m 2 m = 0.3211 GeV 2 and m 2 o = 0.1703 GeV 2 . If there is no _+ glueball the mass of rf is 
determined to be 

m l' = m m + m vo - = 0.1911 GeV 2 (16) 

which is much smaller than the physical value 0.9178 GeV 2 . This problem is known as U(l) 
anomaly [7]. The diagram of two gluon exchange leads to additional mass term for m 2 o , 

2 ~ 

which is proportional to ^p-(0|FF|^ ) [7]. In this study m 2 Q is taken as a parameter. It is 
necessary to point out that the current quark mass expansion and the Nc expansion are two 
independent expansions in this theory. Using Eqs. (7,9,14), the mixing between the r] 8 and 



the x is found to be 

Am lvs = -^jrp\(Q\W>\0)(mu + m d - 2m s ) = -^lk{jr? K+ + m\« - 2ml). (17) 

Three of the elements of the mass matrix, m^ g , ni^ 8V0 , ni^ m are determined to the first 
order in the current quark masses. Both the current quark masses and two gluon exchange 
contribute to the matrix element Am?,„ n = A 3 , which is taken as a parameter. mi n) A 3 , 

A. '/(J '/U 

and m 2 x are the three parameters of the mass matrix of 773, 770, X- m »?(i405), "V and are 
taken as inputs. The equation 

m r,8 + m lo + m \= m l + m % + m S(1405) ( 18 ) 

is one of the three eigen value equations of the mass matrix. The other two eigen value 
equations are derived as 

A^ + m;-2.87m; o + 1.77 = 0, (19) 
A3 + m* Q - 2.88mJ o + 1.74 - 0.02527A 3 = 0. (20) 

The difference between these two equations is very small. It is very interesting to notice that 
in the chiral limit, m^ g , Am^ g% (15), and Am^ (17) — > 0. Therefore, in the limit, m q — > 0, 
the 7/ 8 , 770, x mixing is reduced to the i] — x mixing. The two eigen value equations of the 
mass matrix of r] and x are found to be 

2 1 2 2 1 2 

m Vo +m x~ m v' + m r,(1405) > 
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+ m. 




(21) 



Because of ml 



'/8 



m; 



^ the first equation of Eqs. (21) is very close to Eq. (18) and Eq. (19,20) 



are reduced to Eq. (21) in the chiral limit. Therefore, the difference between Eqs. (19,20) 
is caused by the current quark masses. The masses of the current quarks listed in Ref. [2] 
spread in a wide range: m u = 1.5 to 3.3 MeV, m d = 3.5 to 6.0 MeV, m s = 104+ 34 MeV. 
The numerical values of m^ g , Am^^ (15), and Am^ 8 (17) are computed by using the mass 
formulas (14, 15, 17) which are at the first order in the expansion of the current quark masses. 
The effect of the current quark masses at the second order can be seen from the pion masses. 
At the first order in the current quark masses m 2 K+ = m^ - The mass difference of tt + and 
7T° is about 3.5% of the the average of the pion mass. Nonzero m 2 K+ — m\ Q is resulted in 
the second order of the current quark masses [8] (of course, the electromagnetic interactions 
too). There should be errors caused by the current quark masses at higher orders in those 
values (15, 17). On the other hand, Eqs. (19,20,21) show that the effect of the current quark 
masses on the mixing of r/ — x is small. In the study of the physics of 77 (1405) Eq. (19) is 
taken into account. Obviously, the values of the current quark masses affect the 77 meson 
more. The physics of the 77 meson won't be studied in this paper. 
Solving the eigen equations of the mass matrix of 773, 770, Xi 



77 = ai7? 8 + 61770 + cix, 
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7712 - 0.3 + 1.2453A, 

Oi = 



((m 2 - 0.3 + 1.2453A 3 ) 2 + 0.0523A 3 + 0.2422m 2 - 0.1944)3 



0.07108 + 0.3679A 3 -0.3679m 2 + 0.199 

1 ~ m 2 - 0.3 + 1.2453A 3 ai ' Cl ~ m 2 - 0.3 + 1.2453A 3 ai ' 



7/ = a 2 r] 8 + b 2 r] + c 2 X, 



_m 2 + 1.2453A 3 - 0.9172 10.4432m 2 - 9.49 

° 2 ~ 0.07108 - 10.4432 2 ' ° 2 ~ 0.07108 - 10.4432 2 ' 



0.07108 - 10.4432 

((0.07108 - 10.4432) 2 + (10.4432m 2 - 9.49) 2 + (m 2 + 1.2453A 3 - 0.9172) 2 ' 
r/(1405) = a 3 r/ 8 + 6 3 r/ + c 3 x, 



0.043 . „ r ^ n ft _ nn . , 0.002454 + A 3 

a 3 = — — -1.5768 + A 3 + 0.7988m 2 c 3 , fo 3 = -r^r- -c 3 , 

1.9771 — m 2 1.9771 — m 2 

c 3 = {1 + [(0.002454 + A 3 ) 2 + 0.001849(-1. 5768 + A 3 + 0.7988m 2 ) 2 ]}^ (22) 

1.9771 — m 2 

are obtained, where m 2 = m 2 , a±, b 2 , c 3 are taken to be positive. 



4 77(1405) — > 77 decay 

There is one independent parameter left in Eqs. (22), which can be determined by the decay 
rate of 7/ — > 77. The Vector Meson Dominance (VMD) is a natural result of this chiral field 
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theory [3]. The decay of pseudoscalar to two photons is an anomalous process. The couplings 
between i] 8 , t/q and pp, ww, 00 are presented in Ref. [3] 

N 8 

£vsw = lA °, 2 /tt 9 - V8^ ual3 '' {dppldapp + d^u v d a up - 2d IM (f> v d a (f>p}, 
£ V ow = /f^ 2 ^J, Voe^id^pldapl + d^u v d a U(3 + d^d^p) (23) 

The VMD leads to following relationships 



The couplings 



a7V c 8 1 



are found from Eqs. (23,24). The vertex C xvv is determined by the couplings (8) 

/2 1 1 1 

-— ^7/,75^<9 M x, -^T*7^pJ,„ -^7^w m , — — s7 M s0 M , (26) 

where ^ and ^ are the normalization factor of the fields p, w and respectively, s is the 
strange quark field. The calculation (to the fourth orders in the covariant derivatives) shows 
that two terms are found from the triangle quark loop diagrams of the x vv vertex 

3 N c y/2 1 1 . Aa 

4^y3 F(4vr )2 e fe^e, 
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and 



3 N c \^ 1 1 



where p, q 1:2 are the momenta of the x an d the two vectors respectively, e Q 1,2 are the 



polarization vectors of the two vector fields respectively. These two terms are canceled each 
other. Therefore, in the chiral limit the glueball x component is not coupled to the vector- 
vector meson pairs, the vertex x vv vanishes. The pure glueball field x doesn't decay to two 
photons. Besides the axial- vector couplings (the first equation of Eqs. (9)) the peudoscalars 
r] s , t]q have the pseudoscalar couplings (the second equations of Eq. (9)). The peudoscalars 
77s, are coupled to the vector- vector meson pairs and decay to two photons (23). This is 
a very important difference between the pure 0~ + glueball and the r] s , r] mesons. 

In the chiral limit, only the ?7 8)0 components of the n' meson contribute to the rj' — > 77 
decay. Using Eqs. (23), the decay width is found to be 



where f n = 0.182 GeV is taken. The experimental data of F(r]' -> 77) is 4.31(1 ± 0.13) keV. 
By inputting T(i]' — > 77) and using Eqs. (18,19,22), 



are determined. Substituting the values of m^ o , A 3 , and m x into Eqs. (22) the expressions 




(27) 



ml = 1.25 GeV 2 , A 3 = 



0.51 GeV 2 , m x = 1.28 GeV. 



(28) 
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of 77, r/, 7/(1405) are found to be 

7/ = 0.9 74277 8 + 0.159377o - 0.16x, 
77' = -0. 15137/8 + O.82O8770 - 0.551x, 
7/(1405) = -0.003522t7 8 + 0.5724t/ + 0.8199x- (29) 

Eq. (29) shows that the 77' meson contains large component of the glueball and the the 
770 meson component in the 7/(1405) is large too and the 7/ 8 component in the 7/(1405) is 
negligibly small. The mixing between the rj meson and the glueball x is ver Y strong. These 
results confirm that in the chiral limit the i]g — 7/0 — x mixing is reduced to the 7/0 — x mixing. 
The effects of the current quark masses are small on the 7/ — x mixing. 

The orthogonality between the expressions (29) show that the accuracy of the expression 
of 77 is about 93% and for 77' and 7/(1405) the accuracyies are about 98%. As mentioned above 
that the physical masses of 77, 77', 7/(1405) are imposed as the eigen values of the mass matrix 
of 7/8, 7/0, x to determine the parameters of the mass matrix. On the other hand, three of the 
six elements (15, 17) of the mass matrix have been already determined. The combination of 
these two factors lead to the errors. The three elements m^ g , Am^, Am^ m affect the 77 
meson most. They can be calculated to higher orders in the current quark masses and the 
errors, especially, the error on 7/ will be reduced. The small error for 7/(1405) indicates that 
the physical mass of the 7/(1405) as one of the eigen values of the mass matrix is acceptable 
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and the 77(1405) fits the room of the 0~ + glueball well. Eq. (29) is applied to study the 
physics of the 77 (1405) in this paper. 

Only the 7/ component of 77(1405) contributes to the 7/(1405) — > 77 decay and and the 
glueball component x is suppressed. Using Eqs. (23,29), 



is predicted. In Eq. (30) the mass of the 7/(1405) contributes a factor of 3.5 in comparison 
with r(V ->■ 77). The total width of the 7/(1405) is 51.5 ± 3.4 MeV [2] and 



is obtained. This small branching ratio is consistent with that 7/(1405) has not been discov- 
ered in two photon collisions. 

The physical processes of the rj meson won't studied in this paper. However, the 7/ — > 27 
decay is taken as an example of the effects of the current quark masses. Using Eqs. (23,29), 
r(?7 y 77) = 0.361keV is obtained. The data is 0.511(1 ± 0.06)keV. The theoretical 
prediction is lower than the data by about 40%. The coefficients of the expression of the 
7/ (23) are sensitive to the values of the current quark masses. For instance, if the m^ g is 
changed by about 10%, which is allowed by the date of the current quark masses presented 
in Ref. [2] the agreement between the prediction of the r(r/ — > 77) and the experimental 
value can be achieved. 




(30) 



5(7/(1405) -> 2 7 ) = 0.87(1 ± 0.07) x 10 



,-4 
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5 7y(1405) — > 7p, 76J, 70 decays 

The r/s component of ^(1405) is ignored and the x component doesn't contribute to the 
coupling of the 7](1405)vv . The vertex of ?7(1405)ft> is determined by the quark component 
r] only. Using the VMD and Eqs. (22,23), 



eN c 8V2 

(47r) 2 3v / 3/ 7r " 
eNc 16 



A,(i405)^ 7 = J^y-^^^Vo^^d^udaAp (31) 

are obtained, where 63 = 0.5724 (29). The universal coupling constant g = 0.395 is deter- 
mined by the decay rate of p — > e + e. The decay widths are found to be 

3 1 

rfa(1405) pry) = (0.5724) 2 ^-^, 
, _ m v{U05) m 2 p 

Z ''S(1405) 

r(^(i405) W7 ) = ^°- 5724 ) 2 ^yU' 



^ = ^(1405) ^ _ 



m 2 , 



2 

m r;(1405) 



r(„(i405) ^4n) = (\^™) 2 ^2j2 k % 



* = - -£*-)■ (32) 

Z ''>(1405) 



17 



The numerate results are 

r(77(1405) ->■ pj) = 0.84MeV, r(^(1405) ->■ w 7 ) = 90.3kev, r(^(1405) ->■ 07) = 58.2kev. 

(33) 

The branching ratios of these three decay modes are 

1.63 x 1(T 2 (1 ± 0.07), 1.75 x 10~ 3 (1 ± 0.07), 1.13 x 10~ 3 (1 ± 0.07) 

respectively. 

6 Kinetic mixing of % and % 

Besides mass mixing between the pseudoscalar mesons and the 0~ + glueball studied in section 
3, there is kinetic mixing between the r] meson and the x glueball. While the mass matrix 
is diagonalized and the physical states are determined, however, the matrix of the kinetic 
terms might not be diagonalized by these new physical states. The p — oj system is a good 
example. Eq. (1) shows that the mass matrix of the p and the oj mesons is diagonalized. 
The kinetic terms of the p and the u fields are generated by the quark loop diagrams [3]. 
The p-fields are nonabelian gauge fields. The mixing between the kinetic terms of the p° and 
the u fields is dynamically generated by the quark loops, which is determined by the mass 
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difference of the current quark masses, — m u , and the electromagnetic interactions [3,9] 

11 1 

In this chiral field theory while the kinetic terms of the rj field [3] and the x field are 
generated by the quark loop diagrams (12) the kinetic mixing, d^d^x, is dynamically 
generated by the quark loops too. The coefficient of this mixing is determined by three 
vertices 

-y ^fWl^WO^x - -y^-^^V'T^TsV'^o - ^ nwfr. (34) 

By calculating the S-matrix element (^ol^lx)) i n the chiral limit the kinetic mixing is found 
to be 

-(1 - (35) 

This kinetic mixing cannot be refereed to the mass mixing. The amplitudes of r/(1405) — >■ 
77, 7f have been calculated to the fourth orders in the covariant derivatives. At this order 
there is no contribution from the kinetic mixing term (35) to these processes. 



7 J/ip ->> 7^(1405) decay 

In pQCD the J/ip radiative decay is described as J/j/> 7(7(7, gg — >■ meson. Therefore, if 
the meson is strongly coupled to two gluons it should be produced in J/ip radiative decay 
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copiously. Both the r( and the 7/(1405) contain large components of the pure glueball state 
X- Therefore, large branching ratios of J/ip — > 777', 77/(1405) should be expected. 

In Ref.[10] the decay width of the J/ip — > 7% is derived as 

911 1 (1 — ^V) 3 9™ ^3 

r( W 7X) = -aa^K)^(O)/^ 2 TOj . 2 {2m 2 7 - 3m 2 (l + ^) - 16^} 2 , 

(36) 

where t/>j(0) is the wave function of the J/ip at the origin, fa is a parameter related to the 
glueball state Xi m is the mass of the physical state which contains the x state and it will 
be specified. After replacing corresponding quantities in Eq. (36), m c — > nib, m J —> m r, 
Q c = I — >■ Qb = — |, the equation (36) has been applied to study B(T(1S) — >■ 77/(77)) [11] 
and very strong suppression by the mass of the b quark has been found in these processes. 
The suppression leads to very small B(T(1S) — > 777' (77)), which are consistent with the 
experimental upper limits of B(T(1S) — >■ 777' (77)) [12]. 

The x state of Eq. (36) is via both the mass mixing (29) and the kinetic mixing (35) 
related to the 77' and the 7/(1405) respectively 

2r 1 772 2 / 

(r/|x(0)|0) = -0.551 + 0.8208(1 )s - " 9 = 0.3044, 

g m l x — 77?y 

(?7(1405) |x(0)|0) = 0.8199 + 0.0.5724(1 - — )\ ^ 9 = -1.7788. (37) 

g m l x — m G 

In Eqs. (37) the widths of 77' and 7/(1405) are ignored. Eqs.(37) show that the kinetic mixing 
(the second terms of Eqs. (37)) (35) plays an essential role in those two matrix elements. 
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Inputting T(J/ip — > 77/), the parameter fo and ipj(0) are canceled and the ratio 

_ r(J/V> -» 7^(1405)) 
* " W 7V) (38) 

is calculated. The ratio (38) is very sensitive to the value of the mass of the c quark and 

the ratio R increases with m c dramatically. This sensitivity has already been found in Refs. 

[10,11]. In Ref.[2] m c = 1.27^GeV is listed. m c = 1.3GeV is taken in Ref.[13] to fit the 

data of J/t/j — > 7/2(1270) and this value is consistent with the one listed in Ref. [2]. Inputting 

F v , = 0.205 ± 0.015MeV, T^uos) = 51.1 ± 3.4GeV, B(J/^ 7V) = (4.71 ± 0.27) x 10~ 3 , 

and m c = 1.3GeV and using Eqs. (36,37), it is predicted 

B(J/ip 7^(1405)) = 0.73(1 ± 0.2) x 10~ 3 . (39) 

8 77(1405) — > piTTT decay 

The decay ?7(1405) — > pnir is an anomalous decay mode. There are two subprocesses: (1) 
?/(1405) — > pp, p — > 7T7T, (2) 7/(1405) — > pixix directly. Because x ~~ ^ PP vanishes only the 
Vo —> PP (23) contributes to (1). The vertex pnir can be found from Ref. [3] 

C = 2 -f e-^W 
^ = l + 7 ^{(l--) 2 -4 7 rV}, (40) 
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where q is the momenta of the p meson and the f pnn is the intrinsic form factor generated by 
the quark loop and it is a prediction of this chiral field theory of mesons [3]. This intrinsic 
form factor makes the theoretical results of the form factors of pion and kaons and the decay 
widths of p, K*, (p mesons in excellent agreements with the data [3]. The amplitude of the 
subprocess (1) is derived as 

T {1) = -0-5724^^- ^7=^^^ (41) 

n 9 Jit q — m 2 p + i^q z T(q z ) 

where 0.5724 is the coefficient of the rj component of 77(1405) (29), q = k x + k 2 , T(g 2 ) is the 

decay width of the p meson. When q 2 )4ml [3] 



The subprocess (2) is the decay mode without intermediate resonance. The vertex of this 
process is similar to f\ — > pmi presented in Ref. [3] (Eq. (Ill) of Ref. [3]) and it is found 
to be 

Cw* = J^p F ^ - jhj^d.xd^d^p^. (43) 
The amplitude of the subprocess (2) is derived from Eq. (43) 

T (2) = . 8199 J^ ~eT# P »eth a k 2 p, (44) 

where 0.8199 is the coefficient of the x component of r/(1405) (29). Only the glueball com- 
ponent x contributes to T^. Adding the two amplitudes (41,44) together the amplitude of 
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the process 77(1405) — > p n + 7i is found and the decay width is computed 



r(7?(1405) ->■ p\ + n-) = 0.92 MeV. 



(45) 



dominates the decay. The branching ratio of this channel is about 1.8%. The small 
branching ratio is resulted in two factors: The invariant mass of nn is less than m p and the 
phase space of three body decay is much smaller than the one of two body decay. There are 
other two decay modes 



r(r/(1405) ->■ p + n°n-) = r(r/(1405) ->■ p^vr ) = r(r/(1405) ->■ p°n + n-). (46) 
The total branching ratio of r/(1405) — > pirn is 5.4%. 

9 77(1405) -> a (980)7r decay 



Two body decay, 77(1405) — > a (980)7r, should be the major decay mode of r/(1405). In the 
Lagrangian (1) the isovector scalar field ao(980) is not included and in order to study this 
decay mode the ao(980) field must be introduced to the Lagrangian (1). As mentioned in 
the section of introduction that a meson field is expressed as a quark operator in this theory. 
It is natural that 



a (980) ~ ipT^ai 



(47) 
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The quantum numbers of ao(980) are J PC = ++ and in the Lagrangian (1) there is already 
a term —rmpmp. The parameter m is originated in the quark condensate whose J PC = ++ 
too. It is proposed that the a (980) field can be added to the Lagrangian by modifying 

—rmjjutp to 

-^{(m + ^a^u + uim + r 1 ^)}^. (48) 

Of course a mass term 

\m 2 a yA (49) 
has to be introduced. At the tree level the combination of Eqs. (48,49) leads to 

4 = (50) 

Therefore, Eq. (47) is revealed from this scheme. 

The couplings between the mesons and the a (980) can be derived from Eq. (48). Using 
the vertex 

C = -^rV4 ( 51 ) 

obtained from Eq. (48), the quark loop diagram of the S-matrix element {a \S\a ) is calcu- 
lated and the kinetic term of the ao field is found. The ao field is normalized to be 

a " - - 3^- ria - (52) 
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A mass term is generated from the quark loop diagram. The mass of the ao field has to be 
redefined, which is taken as a parameter. 

In this paper we focus on the decay 7/(1405) — > a (980)7r and the decays of a (980) will be 
studied in another paper. Ignoring the 7/ 8 component of 77(1405), there are r/ — > a n and \ ~~ 
a 7r two processes. In this study the decay width of 77(1405) — > a ir is calculated to the leading 
order in the momentum expansion. Because of the derivative coupling — y^j^TjuTsV^x the 
X —> a n channel is at the next leading order in the momentum expansion. Therefore, only 
the 770 — > a n channel is taken into account. The vertices related to this channel are found 
from the vertex (48) 

r • 2 ^ 7 / >yi ,i 

C = -l—^-m^^Q - l— TpT J 5 1p7T 

V OJlT U 

- ik rHTH< - - (53) 

where I is a 2 x 2 unit matrix. To the leading order in the momentum expansion the amplitude 
obtained from these vertices (53) is found to be 

T = -0.5724-^1(1 - ^)-4{I(0|^|0> + 3mV}, (54) 

where the coefficient 0.5724 is the component of the 770 of the r/(1405) (29). In the amplitude 
(54) the quark condensate is obtained from the vertex ■ijjl'y 5 ipa l ii' 1 which is derived from 

-^^{aoTT + Trao}^ (55) 
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of Eq. (48). The vertices, ^r^^ipTi 1 and ^T l ipa l , which are obtained from Eqs.(l,48), 
contribute to the term, 3m 3 g 2 , of Eq. (54). It is known that the quark condensate is 
negative. Therefore, there is cancellation between the two terms of the amplitude (54). The 
cancellation makes the decay width narrower. The mechanism (48) introducing the do field 
to this chiral field theory leads to the cancellation. The decay width of 77 (1405) — > a ir is 
sensitive to the value of the quark condensate. 

I(0|^|0) = -(0.24) 3 GeV (56) 

is taken and it is close to the value used in Ref. [14]. The constituent quark mass m is 
determined in Ref. [3] 

m2 = wr*r- (57) 

The total decay width of the three modes, Oq 7r _ , a n + , a^TT of 7/(1405) — > a ir is calculated 
to be 

r(7/(1405) -> a vr) = 44 MeV. (58) 

The branching ratio 5(7/(1405) — > a ir) = 86(1 ± 0.07)%. Therefore, 7/(1405) — > a 7i is the 
major decay mode of 7/(1405). 

The decays of 7/(1405) — > KKn, r/im, rj'inr are more complicated, in which the couplings 
between a and KK, rjir, rj'ir] / (980) and nn, KK ... are involved. There are direct 
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couplings(without intermediate state) too. The chiral field theory (8) can be applied to 
study these processes. The study will be presented in the near future. 



10 77(1405) -> K*(890)K decay 

The decay mode 77(1405) ->■ KKn has been found [2]. 77(1405) ->■ K*{890)K is a possible 
decay channel. This channel has normal parity. In order to study it the real part (with 
normal parity) of the Lagrangian (1) is quoted from Ref. [3] 

j AT 

+ -j^y 2 Tr{D^UD v U^ + D^D u U}v^ 
i N 

+--JLJTr{D ll tfD v U - D,UD V U^ 

A [4:71 Y 

+Jrv2 TrD ^ UDtlDUU] 

6(4:71 Y 

X ' Tr{D il UD^D v UD v U^ + D^U ] D^U ~D V U ] D V U - D^U D V U ] D^U D V U ] } 



12(4tt) 

+R *a R *a, + K , K ^ + ^ + fj . f ^ (5g) 

where 

D li U = d li U-i[v li ,U]+i{a li ,U}, 
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D,tf = dptf - t[v„ C/t] _ l{a ^ c/t}^ 
v^u = d^v u - dyV^ - u„] - i[a M , a„], 
<V = 9 M a v - 9„a^ - i[a M , u„] - a„], 
= ^(^t/) - i[u„, + ?{a„ L> M C/}, 
A^C/T = d v {D^) - i[v v , D^rf] - i{a u , Dprf}. 

The Kfj, field (if*) is included in the and appears in either the commutators of D^U, D^W, 
D^D^U, D u DfjU^ or v^ u . The components of i] and x are flavor singlets, therefore, only 
the component of rjg which is associated with A 8 appears in the commutator, [\ 8 ,K^\. The 
vertex obtained from these commutators is 

£ v (uo5)k*k = a 3 cf ab8 d^r]sK^K b , (60) 

where c is a constant determined by Eq. (59) and 03 = 0.00352 is from the component of 
the 7] s component of the 77(1405) (29). Obviously, the contribution of the vertex (60) to the 
decay ^(1405) — > K*K is very small. 

The field d^x can De included in the field. The term in Eq. (60), 

Tr{D i JJD v U^ + D^D v U}v v \ 
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needs a special attention. To the fourth order in derivatives 

Tr{D^UDM j + D^DMW = -8(1 - j)Tr{d^ X d,K + d^Kd uX }(duK^ - d^K u ) = 0. 

(61) 

This theory predicts that the decay width of 77(1405) — > K*K is very small. 

The decay rate of 77(1405) — > K*K is determined by the 7/ 8 component of the 77(1405) 
(29). It is shown in the section 3 that in the chiral limit the rjs — rjo — x mixing is reduced to 
the r/o — x mixing and the r/ 8 component of the physical state r/(1405) vanishes. Therefore, in 
the chiral limit the chiral field theory (8) predicts that r(r/(1405) — > K*K) = 0. At the next 
leading order in the chiral expansion the r/(1405) contains the r/ 8 component and a small 
decay rate of r/(1405) — > K*K is expected. As mentioned in the section 3 the component 77s 
of r/(1405), 03, determined in this paper (29) is not accurate. The accurate determination of 
r(r7(1405) — >■ K*K) is beyond the scope of this paper. 

A CT + resonance r/(1416) has been discovered in n~p — > K + K~7i°n at 18 GeV [15]. The 
parameters of this state are determined as [15] 

M = 1416 ± 4 ± 2 MeV, T = 42 ± 10 ± 9 MeV. 

These values are close to r/(1405)'s [2]. The ratio of the branching ratios 

„ B(ri(U16) ^ K*K + c.c) . . 

R= w ; , — J — r-^ = 0.084 ± 0.024 62 

5(^(1416) a n°) v ; 
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have been reported in Ref. [15]. The final state a vr has three states, therefore, the ratio 
(62) should be divided by 3 and 

R = 0.028 ± 0.008. (63) 

Assuming the 77(1416) is the 77(1405), Eq.(63) shows that r(r/(1405) ->■ K*K) is narrower 
than r(r/(1405) — > a n) by two orders of magnitude. This result supports the prediction 
made by this chiral field theory. 

11 Summary 

Based on a phenomenologically successful chiral meson theory and the U(l) anomaly a chiral 
field theory of 0~ + glueball has been constructed. Systematic and quantitative study of the 
properties of the candidate of the 0~ + glueball 7/(1405) have been done by this theory. The 
study of 77s, 770, x mixing shows that the mass of 77(1405) fits the room of the pseudoscalar 
glueball well. The prediction of the small branching ratio of r/(1405) — > 27 is consistent 
with the fact that r/(1405) has not been found in two photon collisions. The theory predicts 
that r/(1405) — > a (980)7r is the major decay mode of 7/(1405). A very small branching ratio 
of 7/(1405) — > K*K is predicted and the theory is consistent with the data. The glueball 
component x of the 7/(1405) is the dominant contributor of the J/ip — > 77/(1405) decay. 
B(J/ip — > 77/(1405)) is via the kinetic mixing predicted. The quark component 7/ of the 
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?7(1405) is the dominant contributor of the decay 7/(1405) — > 77, 7V, pnn, aon. The glueball 
component x of the r/(1405) is suppressed in these processes. This chiral field theory can be 
applied to study other possible candidates of the 0~ + glueball by input their masses into the 
theory to make quantitative predictions. 
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